Chapter 10
Diagnostic Tools for Plant Biosecurity
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Abstract There is now a wide range of diagnostic tools in the armoury to help
prevent or control damaging disease outbreaks. When applied in the context of bios-
ecurity, they have immense power to protect the plants on which food, feed, fuel and
fibre supplies rely. Diagnoses which used to rely on culturing organisms, examining
spores, or testing viruses on indicator plants, often taking many weeks to complete,
can now be achieved in a matter of hours. Moreover, the advent of in-field diagnos-
tic tests allows growers, agronomists or plant health and seeds inspectors to get a
reliable test result without sending a sample to a laboratory. Remote sensing, using
ground vehicles, unmanned aerial vehicles, or satellite technology, can bring a new
dimension to surveillance, detection and diagnostic systems. Pathogen variation can
be characterised rapidly by molecular marker techniques, potentially accelerating
the process of identifying new pathotypes or fungicide resistant strains which
threaten plant productivity. Metagenomic methods will undoubtedly play a part in
non-targeted diagnostics, and identifying new threats to biosecurity. While diagnos-
tic methods have advanced rapidly, their use in disease management in the field
must be supported by robust sampling methods, treatment thresholds, and in depth
understanding of disease risks.

Keywords Direct and indirect diagnostics ® Molecular techniques * Pathotypes ®
Next generation sequencing * Remote sensing systems

J.E. Thomas (<) « T.A. Wood
NIAB, Huntingdon Road, Cambridge CB 3 OLE, UK
e-mail: jane.thomas@niab.com

M.L. Gullino ¢ G. Ortu
AGROINNOVA, Centre of Competence for the Innovation in the agro-environmental sector,
University of Turin, Grugliasco (TO), Italy

© Springer International Publishing AG 2017 209
M.L. Gullino et al. (eds.), Practical Tools for Plant and Food Biosecurity, Plant
Pathology in the 21st Century 8, DOI 10.1007/978-3-319-46897-6_10


mailto:jane.thomas@niab.com

210 J.E. Thomas et al.
10.1 Introduction

Approximately 37 % of the earth’s land surface is classified as agricultural land, that
is land used for food production, including pastures and plantation crops. Natural or
planted forests account for a further 30 % of land area. It is a major challenge to
protect this area of vegetation from pests and pathogens in an era of global trade,
commonplace international travel, and frequent severe weather events which can
move disease propagules many hundreds of miles (Schmale and Ross 2015). The
longer term effects of climate change will alter the distribution profile of many
pathogens, creating new risks and reducing others (Pautasso et al. 2012) Traditional
skills in plant pathology have declined in many developed countries, and surveil-
lance resources have been severely stretched. New, or newly emerging, and estab-
lished pathogens threaten productivity in many countries, affecting the food supply,
livelihoods, and landscapes (Anderson et al. 2004). About 30 % of potential produc-
tivity is lost worldwide, pre-harvest, to the effects of pests and diseases, and a fur-
ther 20 % may be lost post-harvest (Oerke et al. 1994). Pesticides, often the most
effective method of control, are under pressure, both from regulatory requirements
and rapid development of pathogen resistance. Plant breeding for resistance to
pathogens can be very effective, but is relatively long term, and for many organisms
there is rapid selection for the variants which render resistance factors ineffective.
Prevention of new pathogen incursions, whether they are accidental, natural, or
deliberate, is thus by far the most preferred approach, and rapid, accurate diagnos-
tics are an essential component of preventative action. Plant biosecurity, defined by
Waage and Mumford (2008) relates specifically to the protection of national bound-
aries against the introduction of alien pests and diseases. These organisms will nor-
mally be regulated and subject to statutory actions. However, other pest and diseases
can be regarded as “emerging” threats, and have probably been present in a country
or region for several years before first detection. For example, Verticillium longispo-
rum was first confirmed on oilseed rape in the United Kingdom in 2007, (Gladders
et al. 2011) and has now been found in over 20 % of the surveyed crop area (Www.
cropmonitor.co.uk). Early blight of potato, caused by Alfernaria solani, once a rar-
ity in Europe, has become prevalent in many European countries (Hausladen and
Leiminger 2007), often necessitating specific spray programmes. The control of
these, as well as long term established diseases, requires ever more sophisticated
approaches to maintain profitable production, avoid unnecessary pesticide use, and
still meet exacting quality standards, and the use of diagnostics in precision disease
management will be increasingly required.

In the context of this chapter, the term biosecurity is used to refer to the preven-
tion of incursions of alien pests or pathogens, by natural pathways or otherwise.
However, since sophisticated diagnostic tools have advanced rapidly in the context
of protecting crops and plants from plant pathogens in general, examples which
relate to the management of indigenous diseases will also be discussed. The pro-
cesses surrounding the application of diagnostics for biosecurity purposes, and
some of the demands placed on a diagnostic method, versus those for disease
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management may differ considerably. For instance, if a deliberate introduction is
suspected, and forensic evidence for prosecution is needed, such as traceability to a
source, appropriate accreditation standards will be needed. In some instances, pre-
cise strain or isolate discrimination will be needed, which may not always be
required for indigenous disease management. For biosecurity purposes, the ability
to detect extremely low levels of an organism is usually necessary, and quantifica-
tion may not be needed. However, for disease management, accurate quantification
is usually required, linked to treatment thresholds and economic relevance to a
grower.

Diagnostic tools have to be deployed in a wide range of situations, and by a wide
range of operators. These may include inspection services, growers, agronomists or
staff in diagnostic service labs. In the context of regulated pathogens, training in the
diagnosis of specific disease symptoms is usually available for inspection staff, and
highly developed protocols, often using molecular techniques, are used for confir-
mation. Emerging or new, non- regulated threats in field crops are much more
dependent on the observation skills of growers and agronomists, backed by “plant
clinic” services, though a number of techniques such as remote or proximal sensing
devices are increasing capability for wide area surveillance linked to a diagnostic
imaging system of one type or another. Newer developments in molecular diagnos-
tics such as loop mediated isothermal PCR (LAMP) and recombinase polymerase
amplication (RPA) methods have brought specific and sensitive techniques for
direct analysis of a sample within reach of field operations, giving rapid answers so
that management actions can be put in place.

Diagnosis is the process of identifying a disease, and diagnostics describe the
tools and tests used for this. Diagnostic tools may be considered in two broad cate-
gories. Firstly, those techniques where a sample can be viewed or analysed directly,
and secondly, techniques where some remote or indirect analysis is involved. The
first category is still the most common, and can cover everything from symptom
recognition, immunological methods, and advanced molecular methods. The sec-
ond category is less well established, but sophisticated technologies are increasingly
offering a new dimension to diagnostics, incorporating wide area surveillance in the
methodologies. This chapter will review some recent diagnostic approaches and
show how they can contribute to plant and food biosecurity, and to the management
of pathogens which continually threaten productivity.

10.2 Direct Sample Analysis

10.2.1 Symptom Recognition and Culturing

Diagnosis of a large number of diseases can often be achieved by visual inspection,
either by eye on symptom type alone, or by observation of fruiting bodies with the
aid of a hand lens or binocular microscope, or by culturing if appropriate and
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examining mycelium and spore characteristics using compound microscopes. There
are many high quality image libraries and descriptions available, such as the APS
Press Compendium Series, and many on-line resources. Informative though these
resources are, they usually show highly typical, clear and distinct symptoms. These
can be very different to those a practitioner may see on a sample which has travelled
in the mail, or which is at a different stage of development, or on a different part of
the plant, or where other organisms or stress symptoms may be involved. Pattern
analysis and machine learning of disease symptoms are techniques which are being
developed (Camargo-Rodriguez et al. 2012, and Camargo-Rodriguez and Smith
2009) and provided symptom variability is incorporated, such systems could prove
valuable in identifying diseases in areas where diagnostic support is not readily
available and, importantly, perhaps to indicate when an expressed symptom does
not match the range of known problems, and might be a new incursion. Web-enabled
microscopy, allowing inter-laboratory examination of a specimen or culture, is
available in several diagnostic networks (for example, the National Plant Diagnostic
Network in the USA, www.npdn.org). Real-time consultation with experts while
viewing a sample is a useful training mechanism as well as aiding diagnosis.

Simple techniques such as incubation in a damp chamber are useful for acceler-
ating spore production, and can be used by growers, agronomists or laboratory staff.
Early diagnosis of Pyrenopeziza brassicae, the causal agent of light leaf spot on
oilseed rape, is essential to inform effective fungicide timings. The pathogen has a
long latent period (Gilles et al. 2000) during which symptoms are absent or very
unclear, and can easily be confused with frost damage, fertiliser scorch or possibly
other diseases. However, where infections are present, incubation of a leaf sample
in a polythene bag at about 18 °C for 3—4 days, will reveal the presence of the spore
producing acervuli, which are easily visible to the naked eye.

Culturing from an infected sample to obtain putative causal organisms for re-
inoculation and the proof of Koch’s Postulates is of course a standard procedure,
and there is a multitude of modified substrates, selective agars, surface sterilisation
and incubation conditions which can be used to try and identify primary causal
agents. In the Plant and Food Biosecurity programme, a long term study of the
onion- Fusarium proliferatum pathosystem was initiated after the pathogen was
identified in cultures from diseased onion bulbs in Israel in 2008. A selective
medium was developed which encouraged growth of F. proliferatum over non-target
fungi present in the sampling environment, and which enhanced the development of
distinctive spore types which differentiate F. proliferatum from other Fusaria (Isack
et al. 2014). Highly selective diagnostic media such as this are particularly valuable
in labs where molecular diagnostic facilities may be limited.

The Plant and Food Biosecurity project has developed a virtual diagnostic net-
work, described in detail elsewhere in this book, which can act as a repository for
the types of information described above, including methodologies and outbreak
mapping, expert finding, the potential for web-enabled microscopy as an add-on
facility, community pages for protocols, and diagnostic training.
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10.2.2 Molecular Diagnostic Methods

Despite the effectiveness of traditional diagnostic skills in many instances, they are
usually lengthy and while they are ongoing, a potential disease threat may be
increasing in the environment. Some pathogens are obligate, and some threats will
occur with sub-species, pathotypes, or other variants which cannot be distinguished
from an established problem visually or in culture. Viruses are particularly difficult
to diagnose visually and symptoms may vary according to cultivars of the host spe-
cies as well as virus strain. Enzyme Linked Immunosorbant Assays (ELISA) have
long been the basis for plant virus diagnosis. Boonham et al. (2014) suggested that
high levels of reproducibility, repeatability. the availability of an industry standard
format and easy access for most laboratories were all reasons why the technique
remained successful and widely used.

Immunological assays have been developed into lateral flow devices for on-site
pathogen detection, for viruses, bacteria and some fungi. The kits are of use to both
regulatory officials and growers or agronomists, and give rapid answers, though for
testing multiple samples, their cost is relatively high. As with other targeted test
methods, LFDs can only answer the specific question of whether a known organism
is present, and low sensitivity can limit their value. However, they are increasingly
used as on-site diagnostics by growers and agronomists, and have significant value
for early detection of disease threats, and are available for virus, bacteria, oomycete
and fungal targets. LFDs have been developed to diagnose the presence of
Rhizoctonia solani in soil (Thornton et al. 2004). Wakeham (2015) developed an
LFD for the detection of the club-root pathogen in commercial brassica growing
soils. Though the accuracy of the LFD was lower than a qPCR test for disease pre-
diction, it could be used for rapid indexing of soils, in 10 min, by growers to indicate
whether the risk of club-root was zero or low, or medium to high. Kennedy and
Wakeham (2008) developed monoclonal antibodies against the onion downy mil-
dew pathogen, Peronospora destructor, and devised a lateral flow format for the
detection of sporangia. Lane et al. (2007) evaluated LFD assays for two Phytophthora
species associated with tree diseases and concluded that they compared favourably
to a PCR diagnostic and far exceeded visual accuracy. They were considered suit-
able for phytosanitary purposes, and identifying samples for more stringent analy-
ses. The Phytophthora kits may also be used for detection of late blight on potatoes
and tomatoes. LFD reader systems have also been developed, allowing for semi-
quantitative interpretation (Faulstich et al. 2009), thus adding value to the assays in
terms of the degree of risk which may be predicted. LFDs have the advantages of
being easy to use, rapid, and can be applied to many types of plant tissue which can
be extracted on site, including woody plants. However, cross reaction with non-
target species, delayed or weak reactions can result in misleading information, and
potentially wrong management decisions being made. Unless specificity is very
high, such as with LFDs developed for detecting potato viruses, the use of the
devices as on-site diagnostic may be limited. The majority of commercially available
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LFDs are for viruses, with some bacterial and relatively few fungal or oomycete
targets. Multiplexing is rare, and available assays target one organism only.

10.2.3 Air Spora Diagnostics

The use of spore traps for detecting the presence of a pathogen can play a major role
in monitoring the environment for new incursions and also management of estab-
lished pathogens. Types of trap samplers have been extensively reviewed by West
and Kimber (2015). In the past, spore traps have required a lengthy period between
time of sampling and the point at which a quantitative figure for the presence of a
target pathogen in the air could be given. Microscopic examination of tapes and
strips required a very high level of mycological expertise. However, grower-operated
Burkard spore traps can now be used in conjunction with LFDs for analysis of the
sample. The Brassica Alert system (www.syngenta-crop.co.uk/brassica-alert) offers
the option of an LFD assay for the brassica ringspot fungus (Mycosphaerella bras-
sicicola). Early detection of the spores offers the opportunity for early intervention
with fungicide and prevention of lesion development, since the retail standards for
blemish in vegetable brassicas can be particularly stringent in many European coun-
tries. In the context of biosecurity, the analysis of spore trap catches could be very
valuable for tracking incursions. However, Jackson and Bayliss (2011) reviewed the
use of spore traps for biosecurity objectives, and concluded that their application
was constrained by the relatively small volume of air that could be sampled, and the
difficulty of achieving adequate representation of the air spora of a region. Analysis
time was considered to be less of an issue given new diagnostic approaches.

Direct analysis of a spore trap sample by qPCR is possible, though this still
requires a laboratory test. It has the advantage that tests can be multiplexed, and a
range of targets from a single spore trap sample can be quantified. Isothermal assays
could be conducted in the field, with answers available in a few minutes. Thiessen
et al. (2016) used an isothermal assay to detect spores of grape powdery mildew
from impaction spore traps placed in vineyards. The data was used to alert growers
on spray schedules, and by using the system they were able to reduce spray number
compared to calendar driven spray schedules, without affecting disease severity.
West et al. (2013) developed an assay to quantify Sclerotinia risk for oilseed rape
crops. Spores from an impactor trap were captured in vials containing a semi-
selective medium. This was then testing for the presence of oxalic acid, secreted by
ascospores of S. sclerotiorum, using a biosensor, and the results wirelessly transmit-
ted to a server. Together with on site weather recording, the risk of Sclerotinia was
evaluated and sent to the grower via text message. Fully integrated trap and diagnos-
tic systems, using LFDs, isothermal PCR methods or other analyses are being
developed further, and potentially can give local, regional or national risk indica-
tions depending on siting, and type of trap used. The concept of mounting spore
traps on lower atmosphere UAVs, or even higher altitude systems, in combination
with a diagnostic system, could increase sampling capacity and give new insights
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into mass spore movements, and the possibility of predicting pathogen outbreaks or
incursions well in advance of disease symptoms being discovered.

10.2.4 DNA and RNA Diagnostics on Plant Material and Soil

The rapid development of nucleic acid detection systems in plant pathogen diagnos-
tics has given rise to many standardised and validated protocols. For regulated
pathogens, the European and Mediteranean Plant Protection Organisation (EPPO)
publishes new diagnostic procedures, and several of these now contain PCR based
methods. The International Seed Testing Association (ISTA), and the International
Seed Health Initiative (ISHI) have also validated a number of molecular diagnostic
protocols to establish seed health status. Apart from regulated materials and quaran-
tine pathogens, many other studies have resulted in the production of nucleic acid
based methods which can be used to diagnose pathogens rapidly and accurately, and
contribute to more effective disease management. PCR, qPCR and RT-PCR are now
standard laboratory diagnostic techniques, and have been reviewed extensively over
the last 10 years (see Atkins and Clark 2004; Bradshaw et al. 2006; Martinelli et al.
2014). Signifcant advances in the use of PCR diagnostics for soil-borne pathogens,
and other problematic substrates, have been made. Woodall et al. (2012) developed
a quantitative PCR test to detect sclerotia of the onion white rot pathogen
(Sclerotium cepivorum) in soil. Bilodeau et al. (2012) developed an assay to detect
microsclerotia of Verticillium dahliae from soil samples in strawberry growing
fields. Deora et al. (2015) used a Tagman PCR assay to detect and quantify club-root
(Plamodiophora brassicae) from soil samples. These, and other examples, typify
situations where conventional mycological tests take extended periods to produce
results, or require complex extraction and processing, with the need for highly expe-
rienced staff to count propagules. They also represent serious pathogens of high
value crops, where avoidance of infected land is the principle means of control.
Several commercial soil extraction kits are now available and the cost of diagnostic
services using them should be acceptable to growers.

10.2.5 Early Detection of Emerging Diseases
in High Value Crops

Vegetable and salad crops are usually produced in relatively small, specific areas of
a country, in close rotation, and often with two or more crops produced in a single
season. These intensive growing conditions are very favourable for the rapid
increase of disease. If pathogens are carried on or in seeds, even very low levels of
contamination can lead to the rapid emergence of new disease problems which
threaten crop quality and saleability (Gullino et al. 2014). The development of
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diagnostic tools for early detection and investigation of causal agents is essential to
support prevention and control measures.

Case Study 1 — Wild Rocket and Lettuce Diseases

Two recently occurring diseases on wild rocket and lettuce in Italy were investi-
gated as part of the Plant and Food Biosecurity project. Plectosphaerella cucume-
rina was described as the causal agent of a leaf spot on wild rocket (Diplotaxis
tenuifolia) in ITtaly in 2012 (Garibaldi et al. 2012). The disease was severe under
glasshouse conditions and caused significant production losses, with rotting of
material occurring after processing and packing. A real-time PCR assay for the
detection of Pa. cucumerina was first developed by Atkins et al. (2003). However,
there are four Plectosphaerella species, and analysis of the sequence data suggested
that the assay was not specific enough to distinguish between these. Specific real
time Tagman probes were therefore designed targeting areas of the ITS sequence
with most divergence between species to detect and quantify Pa. cucumerina. This
assay was able to detect Pa. cucumerina DNA in symptomatic rocket leaf tissues
and was shown to be highly specific, with no amplification of non-target species of
Plectosphaerella.

Fusarium. oxysporyum f. sp. lactucae is the causal agent of wilt on lettuce
(Lactuca sativa). It has spread through many countries and was first detected in
Europe in Italy in 2002 (Garibaldi et al. 2002) causing up to 70 % losses in summer
production. Three different races (1, 2, and 3) have been identified within F. oxyspo-
rum f.sp. lactucae. Currently only race 1 has been reported in European countries
(Garibaldi et al. 2002; Gullino et al. 2004) while races 2 and 3 have been only
reported in Japan (Fujinaga et al. 2001, 2003) and Taiwan (Lin et al. 2014). Pasquali
et al. (2007) developed an assay based on inter-retroelement amplified polymor-
phism (IRAP) PCR which differentiated F. oxysporum f.sp. lactucae Race 1 from
other isolates of the pathogen, and other F. oxysporum formae speciales This assay
could be applied to both plants and seeds for rapid detection of Race 1 of the patho-
gen, thus supporting disease management and use, or not, of seed stocks.

10.2.6 Multiplex Diagnostics

Multiplex detection of several pathogens in a single assay is still relatively limited,
though many target organisms are either part of a disease complex, or cause distinct
diseases while existing in the same sample substrate. Cullen et al. (2000), developed
a qualitative multiplex PCR test for three potato pathogens in soil and on tubers. Qu
et al. (2010) used a TagMan PCR for simultaneous detection of powdery scab and
common scab on potato tubers. Visual discrimination of symptoms of these two
diseases can be difficult, but is necessary for effective management of seed tubers.
Recently, the Luminex® platform has provided a new mechanism for multiplexing
nucleic acid or protein based assays. In the case of nucleic acids, there is specific
hybridisation between DNA fragments on colour coded paramagnetic beads.
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Kostov et al. (2015) used Luminex® technology to detect and identify 26 species of
Phytophthora simultaneously. A further 22 samples were identified to clade or sub-
clade levels. Discrimination at this level provides a significant advance for detecting
closely related organisms which have major phytosanitary implications throughout
Europe and elsewhere. Charlermroj et al. (2013) used Luminex® technology for the
simultaneous detection of three plant viruses and a seed- borne bacteria. The assay
detected all pathogens from infected plant material, and could be adapted to detect
up to 50 targets at the same time. Though laboratory based, these multiplex systems
offer considerable efficiencies which will assist the safe movement of plants and
seeds across national borders.

10.2.7 On Site, Field Deployable Diagnostics

Despite the speed and sophistication of new laboratory based molecular diagnostics,
on-site diagnosis is still a practical requirement for both regulated and non-regulated
pathogens (De Boer and Lopez 2012). For regulatory organisms, rapid diagnosis is
usually needed at the point of inspection, so that consignments can be moved
onwards or held back (Brasier 2008). For non-regulated pathogens, where effective
disease management is at stake, growers and agronomists frequently need a rapid
diagnosis to select an optimal spray programme, including appropriate active ingre-
dients and rates. The use of LFDs as previously discussed has already made an
impact, and on-site DNA diagnostics is now a rapidly developing area. Loop medi-
ated isothermal PCR (LAMP) operates at between 60 — 65 ° C and does not require
a thermal cycler. Isothermal assays can be carried out on crude extracts from target
tissues, with no DNA purification steps, and can operate effectively in the presence
of many inhibitors which are usually present in plant, seed or soil samples.
Developed assays and closed tube systems are available (see www. optigene.co.uk)
marketed with Genie II or Genie III instrumentation. These units are portable and
robust, running for a day on battery power, and delivering easy to interpret visual
assay results within 15-30 min. Other isothermal diagnostic systems have been
developed, and are now being investigated in the plant health arena. Miles et al.
2015 used recombinase polymerase amplification (RPA) to detect Phytophthora
species, and suggested its use as field deployed diagnostics for Phytophthora infec-
tions of forest trees. The RPA assays were very rapid, and as with LAMP did not
require DNA purification. Doan et al. (2014) used RPA to diagnose Fusarium oxy-
sporum f.sp. vasinfectum race 4 in cotton plant tissues. The assay was race specific,
and was carried out at a constant 39 °C, giving a result in 30 min. Identifying Race
4 infected fields is important for the prevention of spread of the race via seed and
soil. In the growing region of California, where the work was carried out, seed and
ware production of cotton takes place in the same area, so restricting infection to as
few fields as possible is necessary. Ultimately, highly sensitive techniques may be able
to detect target regions of DNA without any amplification step. These approaches
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are already being developed for medical applications (Cai et al. 2015) as point of
care diagnoses.

The on-site diagnostic systems currently available in the plant health sector are
single target assays, so several tests may need to be performed on a single sample.
Nevertheless, they are providing much needed efficiencies, and new information to
feed into disease prevention and control strategies.

10.2.8 Biosensors

Biosensors offer a novel and potentially very efficient method of diagnosing plant
pathogens. They consist of a biological molecule (protein, nucleic acid, enzyme etc)
which can specifically recognise a target analyte. The reaction is then converted to
a signal by a physiochemical mechanism (the transducer). Biosensors could be
deployed in large numbers in agricultural environments, or in produce storage sys-
tems, to detect the presence of pathogens or rots. Signals could be captured wire-
lessly and transmitted to a server in the farm office or to a store manager, or
integrated with a disease forecasting system, to create alerts and prompt action.
Fang and Ramasamy (2015) reviewed the potential for biosensors in plant disease
detection. Though biosensors for fungi, bacteria, oomycetes and viruses had been
developed in the laboratory, their practical use as an in- field detection systems has
not yet been realised. They concluded that enzyme based biosensors probably had
the greatest potential as they were stable, relatively low cost, easy to use and speci-
ficity could be very high.

10.2.9 Non-targeted Diagnostics

A major challenge facing diagnostics is the presence of an “unknown” threat. Next
generation sequencing technologies, and the bioinformatic systems which accom-
pany them, are being deployed to detect new causal agents without any prior knowl-
edge of their identity. Simply, sequencing extracts from a plant expressing symptoms
and comparing it to sequence data from a plant with a healthy appearance, can
reveal differences which point to potential causal agents. Adams et al. (2009) identi-
fied a previously unknown cucumovirus using this approach, and Barba et al. (2014)
in a review of the techniques involved, itemised the discovery of viruses or viroids
in tissues of many plant species that exhibited unknown disease etiologies. They
suggested that NGS technologies were a future tool in quarantine and certification
of high value fruit species and in woody plants where virus titres may be very low.

Nanopore sequencing is a third generation sequencing technology generating
long read lengths. While relatively new to plant pathology, it is already being
used in metagenomic studies to identify human bacterial and viral infections
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(Greninger et al. 2015). The technology identifies nucleotides in a DNA molecule
by measuring conductivity as DNA molecules pass through pores in a membrane.
The MinION™ device is a portable pocket sized unit containing disposable flow
cells and which can be plugged into a PC via a USB port and results read in real time
on the screen. Multiple re-sequencing of pathogen isolates and comparison with
reference genomes could aid understanding of genetic variation and virulence
changes, and metagenomic sequencing of plant, soil or air samples could identify
emergent problems before they become established. While the technology is still in
very early stages of research for plant pathogens, it offers great potential for future
precise understanding of microbial diversity, and the new threats that may exist.

10.2.10 Diagnostic Techniques for Detection of Novel
Pathotypes

The discrimination of pathogen strains or pathotypes is a major factor in plant bios-
ecurity. Though pathogens may be well established threats in particular areas, and
the diseases caused easy to recognise by symptoms alone, the evolution and selec-
tion of new virulences which defeat previously effective host resistance factors, can
frequently cause sudden and serious disease outbreaks. One of the most common
examples are the rust pathogens of cereals and other crops. Long distance transport
of spores, either by extreme weather events or inadvertently by humans during
international travel, is probably responsible for the movement of pathotypes com-
mon in one region to a different area. However, rust pathogens have also been wea-
ponised in the past (Rogers et al. 1999) so the potential for deliberate introduction
exists.

The diagnosis of pathotypes of common, established diseases is still achieved
largely by field sampling and testing on host differential lines which reveal variation
in virulence matching host resistance genes or factors. For wheat rust pathogens,
many countries worldwide carry out regular surveys of field outbreaks from com-
mercial crops, or selected sentinel plots which remain unsprayed and expose differ-
ent resistances to try and detect early occurrences of new virulences. Despite these
efforts, there is often a considerable time lag before confirmation of new pathot-
ypes, particularly when field testing on adult plants is required as well as seedling
tests. Extensive facilities and staff resources are also needed, and the sampling
intensity of outbreaks is inevitably restricted. Frequently, new pathotypes are not
detected at very early stages of establishment, with the result that previously resis-
tant cultivars can suddenly “break down” in the field. Marker techniques such as
simple sequence repeats (SSRs) have proved effective in tracking programmes for
rust populations and associated pathotypes, and understanding global pathogen evo-
Iution (Hovmoller et al. 2015). Nevertheless, such systems still require careful
increase of these obligate pathogens on host plants, which can take many weeks.
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Case Study 2 — Puccinia striiformis f.sp. tritici

Recently, the concept of field pathogenomics has been developed to obtain more
rapid information on the occurrence of new virulence phenotypes (Hubbard et al.
2015). Using the wheat yellow rust pathogen (Puccinia striiformis f.sp. tritici) in
the U.K. as a model, the technique employed transcriptome analysis of field sam-
ples collected in tubes of RNAlater. A section of the same infected leaf was reserved
to increase the rust spores and carry out conventional pathotyping on host differen-
tials. Analysis of the genetic structure of the samples showed that four distinct lin-
eages were present, which corresponded to distinctive virulence phenotypes. The
method was able to show that the yellow rust population had recently undergone a
major change genotypically, with a highly diverse structure compared to historical
isolates. Together with field observations of a higher than usual incidence of teleu-
tosori, the evidence pointed to an exotic incursion, probably from a region where the
pathogen underwent a full heteroecious cycle on its alternate host. The technique
also created the potential for greatly increased sampling intensities at a relatively
low cost, and prediction of which samples appear unusual genotypically, and should
be taken forward for standard phenotypic analysis. Rapid genotyping techniques for
diagnosing new races of stem rust (Puccinia graminis f.sp. tritici) have also been
developed using a SNP chip (Singh et al. 2015). The field pathogenomics concept,
though laboratory based, offers very considerable scope for the rapid characterisa-
tion of emergent pathotypes, particularly for obligate organisms, and so contributes
to enhanced biosecurity through speed of response and re-direction of breeding
programmes.

10.3 Indirect Diagnostic Methods

10.3.1 Disease Diagnostics by Remote or Proximal Sensing

The vast areas of cultivated plants that may be at risk of pathogen attack cannot be
adequately monitored by the standard method of crop walking and visual inspec-
tion, though these tried and tested methods will always be needed, both for identify-
ing regulated pests at ports of entry, and for the management of indigenous diseases.
Halting epidemics or spread of a pathogen threat is most effective at very early
stages of development, and for this different approaches are needed. Aerial photog-
raphy has long been available for locating foci of a range of diseases, though con-
firming identity of the specific problem has been achieved by site visits. Now,
ground vehicles, UAVs, and satellite platforms, can all be equipped with various
types of sensing equipment which can identify unhealthy plants, creating the poten-
tial for wide area monitoring. Mahlein (2016) reviewed the use of disease detection
by imaging sensors and concluded that there was as yet no commercially available
system which could be used for the specific detection of plant disease. The recogni-
tion of specific diseases, and discriminating between them, and other causes of plant
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stress, with sensing technologies, remains a major research challenge, though some
experimental progress has been made.

Measuring reflectance from plants in the field in the elcctromagnetic spectrum
from multispectral or hyperspectral cameras holds significant promise for disease
detection. The most informative spectral bands range from visible though to infra-
red and thermal wavelengths. Passive remote sensing devices measure reflectance
of incident radiation from the plant canopy, while active sensors emit radiation to
the target and measure returned reflectance. The collection of multiple spectral
information, at as high a resolution as possible, may start to build up “signature”
information for specific disease or pest infections, but extensive ground truthing is
a critical aspect for research. There is also a significant image processing and com-
putational requirement before positional data on “affected” versus “healthy” plants
can be mapped onto field layouts.

Information from different areas of the electromagnetic spectrum will have dif-
ferent functionalities. Visual wavelengths are unlikely to detect pre-symptomatic
infection, but will be important in tracking disease epidemics and providing new
insights into disease dynamics. Early detection or pre-symptomatic disease is more
likely to be achieved by multispectral or hyperspectral images. Bauriegel et al.
(2011) identified Fusarium head blight infection in wheat using hyperspectral imag-
ing under laboratory conditions. However, they further identified two specific and
narrow wavelength ranges which could be used under field conditions and defined
the optimal growth stage for predicting infection levels. Huang et al. (2007)) used
air-borne hyperspectral imaging to detect wheat yellow rust, and obtained a high
correlation with ground assessment of a disease severity index. Specific spectral
features were associated with yellow rust infection, but not with water or nutrient
stress.

Wahabzada et al. (2015) used hyperspectral reflectance to identify specific signa-
tures of foliar diseases of barley at different stages of development, and coined the
term “metromaps” to describe them. Though the material was inoculated and
assessed under laboratory conditions, such specific hyperspectral signatures could
possibly be used to identify field outbreaks of diseases before complete symptom
development, enabling precision application of eradicant fungicides.

UAVs, either fixed wing or rotary platforms, have the ability to survey large
areas, though suffer from several drawbacks. Licences to operate may be restricted
in some areas, and payload will be limited for rotary type systems. Though more
can be carried by fixed wing UAVs, these are more expensive and operators require
more training, with higher standards and more restrictions. The frequency of flights
can thus be limited, and insufficient to enable the build up of images which might
indicate a spreading disease. Satellite technology has the advantage of more fre-
quent image collection, continuing improved resolution, and relatively inexpensive
access. Cloud cover and other environmental conditions can restrict operational
periods. However, to date, applications are mostly in the surveillance of crop type
and planted areas rather than within field diagnosis of potentially diseased plants
and there are few examples of remote sensing of specific diseases from satellite
platforms. Mirik et al. (2013) mapped outbreaks of wheat streak mosaic virus in
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Texas using reflectance data gathered by the Landsat 5 satellite. Yuan et al. (2014)
detected wheat infected with powdery mildew using multispectral imaging from the
SPOT 6 satellite with a maximum of 89 % accuracy. For the medium term however,
it is probable that satellite sensing for disease diagnostics is more likely to be used
to identify areas of stressed plants, where ground confirmation of specific causal
agents is needed.

The detection of volatile organic compounds (VOCs) is also an indirect diagnos-
tic method, aiming to detect specific signatures of volatiles that a host plant emits
when challenged with a pathogen. Many factors may affect the volatile signature of
a plant-pathogen combination, including the age of the plant, non-disease related
stress, nutrient status etc. A wide range of control plants must therefore be investi-
gated in order to separate disease associated volatiles reliably. A number of elec-
tronic nose (EN) systems have been developed. Ghaffari et al. 2012 used 13 gas
array sensors to discriminate successfully between healthy and pathogen or pest
challenged leaves of tomato, cucumber and pepper, and concluded that the EN sys-
tem would be effective for diagnosing disease in commercial glasshouses. FAIMS
(field asymmetric ion mobility spectroscopy) is an alternative to EN technology.
Both methods use fingerprinting of volatile biomarkers, but FAIMS uses mobility of
molecules rather than a chemical detection of compounds. It is thought to be more
sensitive, and Rutolo et al. (2014) reported successful application of FAIMS profil-
ing to detect bacterial soft rots in potatoes under laboratory conditions. Aksenov
et al. (2014) recently identified a specific VOC profile of citrus plants infected with
the citrus greening disease (Candidatus Liberibacter). The assay was very accurate,
even at early pre-symptomatic stages, and could be deployed in the field for growers
as a portable device with further refinement. VOC profiling in this case has great
potential for critical early identification of a devastating disease, so that infected
trees can be removed.

Obtaining pathogen specific profiles for VOCs remains a research challenge in
the majority of cases (Sankaran et al. 2010), though detecting healthy versus generi-
cally challenged plants may suffice in many situations, such as removing rots from
storage environments.

10.4 Conclusions

The range of pathogen diagnostic tools, and the level of their sophistication, has
never been greater, and with the advent of new sequencing techniques and novel,
field deployable diagnostic systems, their potential can only increase. Maintaining
plant biosecurity in the area of regulated pathogens will be a clear beneficiary of
these developments. Recent occurrences of new forest and amenity tree pathogens
in many countries has brought an unprecedented level of awareness of plant pathol-
ogy to the general public. In crop plants, cereal rust fungi, citrus greening disease,
downy mildew of basil, and the Xyllela fastidiosa infections of olive trees have
made recent national headlines in different countries. This new awareness brings
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advantages in that well informed crowd-sourced observations can help to monitor
and track disease outbreaks, and potentially discover unusual occurrences, at a level
that research organisations and inspection services alone could not achieve. It has
also brought investment, both public or private, in developing diagnostic systems.
To some extent, it has revitalised interest in plant pathology, and the existence of a
skills gap has been acknowledged in many countries, though there is still significant
effort needed to ensure that skills can be taught and acquired by new generations of
pathologists.

In the regulated pathogen sector, the simple aim of diagnostics must be to iden-
tify the causal agents of disease accurately even when levels are very low, and thus
contribute to their exclusion, or containment. Detecting and diagnosing “unknown”
threats with metagenomic analyses brings a new level of protection against threats
to biosecurity. Strain, or pathotype discrimination is important to detect continually
evolving variants of pathogen species. Diagnostic tools themselves require valida-
tion, and service providers need ongoing training, participation in reference testing
and maintenance of international accreditation. Where indigenous organisms are
concerned, diagnostic systems face different challenges. While accurate identifica-
tion is still an obvious pre-requisite, the whole disease management system has to
be taken into account. Sampling techniques, weather conditions, treatment thresh-
olds, product availability, rotational decisions, cultivation options, seed bed condi-
tions, cultivar choice, end use requirements, likely price for a crop, are all part of the
decisions that need to be made when particular diseases are diagnosed, and a diag-
nostic tool needs to give results which are readily interpreted in the overall context
of a crop situation. Practicalities need to be considered as well. For instance, grow-
ers frequently need to apply agrochemical for disease control regardless of risk, or
at times which are not optimum, because of farm workloads, contract sprayer sched-
ules, and weather. In some cases, prophylactic spraying is preferred rather than risk
determined sprays because quality requirements are so high, and failure to meet
them can result in significant loss of income. Countering this however are increas-
ing restrictions on agrochemical use, loss of active ingredients, and low to zero resi-
due level requirements. Diagnostics has a role to play in the effective targeting of
control, by integrating with smart spray systems linked to GPS which only apply
product where needed. Precision farming, and the drive for sustainable intensifica-
tion, will place more demands on diagnostic systems, both field deployable units
and rapid, sophisticated laboratory methods, all linked with a thorough understand-
ing of the epidemiology of disease causing organisms.

References

Adams IP, Glover RH, Monger WA, Mumford R, Jackeviciene E, Navalinskiene M, Samuitiene M,
Boonham N (2009) Next-generation sequencing and metagenomic analysis: a universal diag-
nostic tool in plant virology. Mol Plant Pathol 10:537-545

Aksenov AA, Pasamontes A, Peirano DJ, Zhao W, Dandekar AM, Fiehn O, Ehsani R, Davis CE
(2014) Detection of Huanglongbing disease using differential mobility spectrometry. Anal
Chem 86:2481-2488



224 J.E. Thomas et al.

Anderson PK, Cunningham AA, Patel NG, Morales FJ, Epstein PR, Daszak P (2004) Emerging
infectious diseases of plants: pathogen pollution, climate change and agrotechnology drivers.
Trends Ecol Evol 19:535-544

Atkins SD, Clark IM (2004) Fungal molecular diagnostics — a mini review. J Appl Genet 45:3-15

Atkins SD, Clark IM, Sosnowska D, Hirsch PR, Kerry BR (2003) Detection and quantification of
Plectosphaerella cucumerina, a potential biological control agent of potato cyst nematodes, by
using conventional PCR, Real-Time PCR, selective media, and baiting. Appl Environ Microbiol
69:4788-4793

Barba M, Czosnek H, Hadidi A (2014) Historical perspective, development and applications of
next-generation sequencing in plant virology. Viruses 6:106-136

Bauriegel E, Giebel A, Geyer M, Schmidt U, Herppich WB (2011) Early detection of Fusarium
infection in wheat using hyper-spectral imaging. Comput Electron Agric 75:304-312

Bilodeau GJ, Koike ST, Uribe P, Martin FN (2012) Development of an assay for rapid detection
and quantification of Verticillium dahliae in soil. Phytopathology 102:331-343

Boonham N, Kreuze J, Winter S, van der Vlugt R, Bergervoet J, Tomlinson J, Mumford R (2014)
Methods in virus diagnostics: from ELISA to next generation sequencing. Virus Res
186:20-31

Bradshaw RE, Foster SJ, Monahan BJ (2006) Molecular diagnostic tools for detection of plant
pathogen fungi. In: Rao JR, Fleming CC, Moore JE, (eds) Molecular diagnostics — current
technology and application, Horizon Biosciences, p 47-66

Brasier CM (2008) The biosecurity threat to the UK and global environment from international
trade in plants. Plant Pathol 57:792-808

Cai H, Parks JW, Wall TA, Stott MA, Stambaugh A, Alfons K, Griffiths A, Mathies RA, Carrion R,
Patterson JL, Hawkins AR, Schimdt H (2015) Optofluidic analysis system for amplification-
free, direct detection of Ebola infection Nature Science Reports 5, doi:10.1038/srep14494

Camargo-Rodriguez AV, Smith J (2009) An image-processing based algorithm to automatically
identify plant disease visual symptoms. Biosyst Eng 102:9-21

Camargo-Rodriguez AV, Molina JP, Cadena-Torres J, Jimenez N, Kim JT (2012) Intelligent sys-
tems for the assessment of crop disorders. Comput Electron Agric 85:1-7

Charlermroj R, Himananto O, Seepiban C, Kumpoosiri M, Warin N, Oplatowska M (2013)
Multiplex detection of plant pathogens using a microsphere immunoassay technology. PLoS
One 8(4):62344. doi:10.1371/journal.pone.0062344

Cullen DW, Lees AK, Toth IK, Bell KS, Duncan JM (2000) Detection and quantification of fungal
and bacterial potato pathogens in plants and soil. EPPO Bull 30:485-488

De Boer SH, Lopez MM (2012) New grower friendly methods for plant pathogen monitoring.
Annu Rev Phytopathol 50:197-218

Deora A, Gossen BD, Amirsadeghi S, McDonald MR (2015) A multiplex qPCR assay for
detection and quantification of Plasmodiophora brassicae in soil. Plant Dis 99:1002—1009

Doan H, Zhang S, Davis RM (2014) Development and evaluation of AmplifyRP Acceler8 diagnos-
tic assay for the detection of Fusarium oxysporum f. sp. vasinfectum race 4 in cotton. Plant
Health Prog doi:10.1094/PHP-RS-13-0115

Fang Y, Ramasamy RP (2015) Current and prospective methods for plant disease detection.
Biosensors 5:537-561

Faulstich K, Gruler R, Eberhard M, Lentzsch D, Haberstroh K (2009) Handheld and portable
reader devices for lateral flow immunoassays. In: Wong RC, Tse HY (eds) Lateral flow immu-
noassay. Humana, New York, pp 157-183

Fujinaga M, Ogiso H, Tsuchiya N, Saito H (2001) Physiological specialization of Fusarium oxys-
porum f. sp. lactucae, a causal organism of Fusarium root Rot of crisp head lettuce in Japan.
J Gen Plant Pathol 67:205-206

Fujinaga M, Ogiso H, Tuchiya N, Saito H, Yamanaka S, Nozue M, Kojima M (2003) Race 3, a new
race of Fusarium oxysporum f. sp. lactucae determined by a differential system with commer-
cial cultivars. J Gen Plant Pathol 69:23-28

Garibaldi A, Gilardi G, Gullino ML (2002) First report of Fusarium oxysporum on lettuce in
Europe. Plant Dis 86:1052


http://dx.doi.org/10.1038/srep14494
http://dx.doi.org/10.1371/journal.pone.0062344
http://dx.doi.org/10.1094/PHP-RS-13-0115

10 Diagnostic Tools for Plant Biosecurity 225

Garibaldi A, Gilardi G, Ortu G, Gullino ML (2012) First report of Plectosphaerella cucumerina on
greenhouse cultured wild rocket (Diplotaxis tenuifolia) in Italy. Plant Dis 96:1825

Ghaffari R, Laothawornkitkul J, Iliescu D, Hines E, Leeson M, Napier R, Moore JP, Paul ND,
Hewitt CN (2012) Plant pest and disease diagnosis using electronic nose and support vector
machine approach. J Plant Dis Prot 119:200-220

Gilles T, Evans N, Fitt BDL, Jeger MJ (2000) Epidemiology in relation to methods for forecasting
light leaf spot (Pyrenopeziza brassicae) severity on winter oilseed rape (Brassica napus) in the
UK. Eur J Plant Pathol 106:593-605

Gladders P, Smith JA, Kirkpatrick L, Clewes E, Grant C, Barbara D, Barnes AV, Lane CR (2011)
First record of verticillium wilt (Verticillium longisporum) in winter oilseed rape in the UK
New Disease Reports 23: 8

Greninger AL, Naccache SN, Federman S, Yu G, Mbala P, Bres V, Bouquet J, Stryke D, Somasekar
S, Linnen J, Dodd R, Mulembakani P, Schneider B, Muyembe J, Stramer D, Chiu CY (2015)
Genome Med 7:99. doi:10.1186/s13073-015-0220-9

Gullino ML, Gilardi G, Garibaldi A (2004) New Fusarium wilts on vegetable crops in Italy.
Commun Agric Appl Biol Sci 69:405-413

Gullino ML, Gilardi G, Garibaldi A (2014) Seed-borne fungal pathogens of leafy vegetables. In:
Gulliono ML, Munkvold G (eds) Global perspectives on the health of seeds and plant propoga-
ton material. Springer, p 47-56

Hausladen H, Leiminger J (2007) Potato early blight in Germany (Alternaria solani — Alternaria
alternata), PPO Special report no. 12, Westerdijk CE, Schepers HTAM, (eds) Applied Plant
Research BV, Wageningen.

Hovmgller MS, Walter S, Bayles RA, Hubbard A, Flath K, Sommerfeldt N, Leconte M, Czembor
P, Rodriguez-Algaba J, Thach T, Hansen JG, Lassen P, Justesen AF, Ali S, de Vallavieille-Pope
C (2015) Replacement of the European wheat yellow rust population by new races from the
centre of diversity in the near-Himalayan region. Plant Pathol 65(3):402—411. doi:10.1111/
ppa.12433

Huang W, Lamb D, Niu Z, Liu L, Wang J (2007) Identification of yellow rust in wheat using in situ
spectral reflectance measurements and airborne hyperspectral imaging. Precis Agric
8:187-197

Hubbard A, Lewis CM, Yoshida K, Ramirez-Gonzalez RH, de Vallavielle-Pope C, Thomas J,
Kamoun S, Bayles R, Uauy C, Saunders DGO (2015) Field pathogenomics reveals the emer-
gence of a diverse wheat yellow rust population. Genome Biology 16:23. doi:10.1186/
$13059-015-0590-8

Isack Y, Benichis M, Gillet D, Gamliel A (2014) A selective agar medium for isolation, enumera-
tion and morphological identification of Fusarium proliferatum. Phytoparasitica 4:541-547

Jackson SL, Bayliss KL (2011) Spore traps need improvement to fulfil plant biosecurity require-
ments. Plant Pathol 60:801-810

Kennedy R, Wakeham AJ (2008) Development of detection systems for the sporangia of
Peronospora destructor. Eur J Plant Pathol 122:147-155

Kostov K, Verstappen ECP, Bergervoet JHW, de Weerdt M, Schoen CD, Slavov S, Bonants PJM
(2015) Multiplex detection and identification of Phytophthora spp. using target-specific primer
extension and Luminex XTAG technology. Plant Pathol 65(6):1008-1021. doi:10.1111/
ppa.12481

Lane CR, Hobden E, Walker L, Barton VC, Inman AJ, Hughes KJD, Swan H, Colyer A, Barker I
(2007) Evaluation of a rapid diagnostic field test kit for identification of Phytophthora species,
including P. ramorum and P. kernoviae at the point of inspection. Plant Pathol 56:828-835

Lin YH, Lai PJ, Chang TH, Wan YL, Huang JW, Huang JH, Chang PFL (2014) Genetic diversity
and identification of race 3 of Fusarium oxysporumf. sp. lactucae in Taiwan. Eur J Plant Pathol
140:721-733

Mabhlein A (2016) Plant disease detection by imaging sensors — parallels and specific demands for
precision agriculture and plant phenotyping. Plant Dis 100:241-251


http://dx.doi.org/10.1186/s13073-015-0220-9
http://dx.doi.org/10.1111/ppa.12433
http://dx.doi.org/10.1111/ppa.12433
http://dx.doi.org/10.1186/s13059-015-0590-8
http://dx.doi.org/10.1186/s13059-015-0590-8
http://dx.doi.org/10.1111/ppa.12481
http://dx.doi.org/10.1111/ppa.12481

226 J.E. Thomas et al.

Martinelli F, Scalenghe R, Salvatore D, Panno S, Scuderi G, Ruisi P, Villa P, Stroppiana D,
Boschetti M, Goulart LR, Davis CE, Dandekar AM (2014) Advanced methods of plant disease
detection. A review. Agron Sustain Dev 35:1-25. doi:10.1007/s13593-014-0246-1

Miles TD, Martin EN, Coffey MD (2015) Development of rapid isothermal amplification assays
for detection of Phytophthora spp. In plant tissue. Phytopathology 105:265-278

Mirik M, Ansley RJ, Price JA, Workneh F, Rush CM (2013) Remote monitoring of wheat streak
mosaic progression using Sub-pixel classification of landsat 5 TM imagery for site specific
disease management in winter wheat. Adv Remote Sens 2:16-28

Oerke EC, Dehne HW, Schnbeck F, Weber A (1994) Crop production and crop protection: esti-
mated losses in major food and cash crops. Elsevier, Amsterdam

Pasquali M, Dematheis F, Gullino ML, Garibaldi A (2007) Identification of race 1 of Fusarium
oxysporum f. sp. lactucae on lettuce by inter-retrotransposon sequence-characterized amplified
region technique. Phytopathology 97:987-996

Pautasso M, Doring TF, Garbelotto M, Pellis L, Jeger MJ (2012) Impacts of climate change on
plant diseases — opinions and trends. Eur J Plant Pathol 133:295-313

Qu XS, Wanner LA, Christ BJ (2010) Multiplex real-time PCR (TagMan) assay for the simultane-
ous detection and discrimination of potato powdery and common scab diseases and pathogens.
J Appl Microbiol 110:769-777

Rogers P, Whitby S, Dando M (1999) Biological warfare against crops. Sci Am 280:70-75

Rutolo M, Covington JA, Clarkson J, Iliescu D (2014) Detection of potato storage disease via Gas
analysis: a pilot study using field asymmetric Ion mobility spectrometry. Sensors
14:15939-15952

Sankaran S, Mishra A, Ehsani R, Davis C (2010) A review of advanced techniques for detecting
plant diseases. Comput Electron Agric 72:1-13

Schmale DG, Ross SD (2015) Highways in the Sky: scales of atmospheric transport of plant patho-
gens. Annu Rev Phytopathol 53:591-611

Singh RP, Hodson DP, Jin Y, Lagudah ES, Ayliffe MA, Bhavani MN, Rouse S, Pretorius SA, Szabo
LJ, Huerta Espinosa J, Basnet BR, Lan C, Hovmoller MS (2015) Emergence and spread of new
races wheat of stem rust: continued threat to food security and prospects of genetic control.
Phytopathology 105:872-884

Thiessen LD, Keune JA, Neill TM, Turechek WW, Grove GG, Mahaffee WF (2016) Development
of a grower conducted inoculum detection assay for management of grape powdery mildew.
Plant Pathol 65:238-249

Thornton CR, Groenhof AC, Forrest R, Lamotte R (2004) A one-step, immunochromatographic
lateral flow device specific to Rhizoctonia solani and certain related species, and its use to
detect and quantify R. solani in soil. Phytopathology 94:280-288

Waage JK, Mumford JD (2008) Agricultural biosecurity. Philos Trans R Soc Lond B Biol Sci
363:863-876

Wahabzada M, Mahlein A-K, Bauckhage C, Steiner U, Oerke E-C, Kersting K (2015) Metro maps
of plant disease dynamics — automated mining of differences using hyperspectral images. PLoS
One 10(1):e0116902. doi:10.1371/journal.pone.0116902

Wakeham A (2015) Validation of the clubroot lateral flow in UK commercial Brassica cropping
systems. Report CP 099a, AHDB Horticultural Development Council

West JS, Kimber RBE (2015) Innovations in air sampling to detect plant pathogens. Ann Appl Biol
166:4-17

West JS, Canning GGM, Heard S, Wili SG (2013) Proceedings of future IPM in Europe. develop-
ment of the miniature virtual impactor — MVI — for long-term and automated air sampling to
detect plant pathogen spores., 19-21 March 2013, Riva del Garda, Italy. (Abstract)

Woodall JW, Webb KM, Giltrap PM, Adams IP, Peters JC, Budge GE, Boonham N (2012) A new
large scale soil DNA extraction procedure and real time PCR assay for the detection of
Sclerotium cepivorum in soil. Eur J Plant Pathol 134:467-473

Yuan L, Zhang J, Shi Y, Nie C, Wei L, Wang J (2014) Damage mapping of powdery mildew in
winter wheat with high-resolution satellite image. Remote Sens 6:3611-3623


http://dx.doi.org/10.1007/s13593-014-0246-1
http://dx.doi.org/10.1371/journal.pone.0116902

	Chapter 10: Diagnostic Tools for Plant Biosecurity
	10.1 Introduction
	10.2 Direct Sample Analysis
	10.2.1 Symptom Recognition and Culturing
	10.2.2 Molecular Diagnostic Methods
	10.2.3 Air Spora Diagnostics
	10.2.4 DNA and RNA Diagnostics on Plant Material and Soil
	10.2.5 Early Detection of Emerging Diseases in High Value Crops
	10.2.6 Multiplex Diagnostics
	10.2.7 On Site, Field Deployable Diagnostics
	10.2.8 Biosensors
	10.2.9 Non-targeted Diagnostics
	10.2.10 Diagnostic Techniques for Detection of Novel Pathotypes

	10.3 Indirect Diagnostic Methods
	10.3.1 Disease Diagnostics by Remote or Proximal Sensing

	10.4 Conclusions
	References


